1
) was significantly increased in both the training (16·8 4·9 to 25·3 6·9) and non-training groups (16·3 5·1 to 19·6 6·0) 3 months after percutaneous balloon mitral valvuloplasty. Half-recovery time of peak oxygen consumption was significantly shortened in the training group (124 39 to 76 13, P<0·01), but not in the non-training group (114 46 to 109 44 s, P=0·12) at 3 months followup. The degrees of symptomatic improvement after percutaneous balloon mitral valvuloplasty were more closely correlated with the changes of the half-recovery time of peak oxygen consumption than those of peak oxygen consumption.
Introduction
Exercise intolerance is a common problem experienced by patients with severe mitral stenosis. However, factors affecting exercise capacity remain to be determined in patients with mitral stenosis. The kinetics of recovery oxygen consumption after exercise was reported to play an important role in determining exercise capacity. For this reason, an understanding of recovery kinetics is believed to provide a physiological basis for identification of therapeutic modalities that improve exercise intolerance. The kinetics of recovery oxygen consumption was demonstrated to be closely related to the energetic stores' recovery in normal as well as in patients with chronic heart failure. In patients with chronic heart failure, the kinetics of recovery oxygen consumption has been demonstrated to be delayed in parallel with the severity of the disease and closely related to exercise capacity [1] [2] [3] [4] [5] . However, there is no concern about the kinetics of recovery oxygen consumption after exercise in patients with mitral stenosis. We hypothesized that the kinetics of recovery oxygen consumption is delayed in patients with severe mitral stenosis, and percutaneous balloon mitral valvuloplasty alone is not enough to improve the kinetics of recovery oxygen consumption. Therefore, this study was performed to assess the kinetics of recovery oxygen consumption after exercise in patients with severe mitral stenosis and to evaluate the effects of percutaneous balloon mitral valvuloplasty and exercise training on the kinetics.
Methods

Study groups
Thirty consecutive patients with symptomatic severe mitral stenosis (mitral valve area c1·0 cm 2 ) who underwent successful percutaneous balloon mitral valvuloplasty (mitral valve area d1·5 cm 2 and mitral regurgitation grade c2) and age-and size-matched non-trained 30 healthy normal subjects were included in the study. Patients were excluded if they had significant pulmonary disease, peripheral vascular disease, left ventricular dysfunction (ejection fraction c40%), or ischaemic heart disease. Patients were randomly assigned to either the exercise training group or the control group. Fifteen patients in the exercise training group performed daily exercise training for 3 months after percutaneous balloon mitral valvuloplasty, and 15 patients in the control group were ordered not to purposely train their muscles, and to maintain their daily activity levels during the study periods after percutaneous balloon mitral valvuloplasty. All subjects gave written informed consent.
Evaluation of subjective symptoms
All patients were interviewed at each exercise test by two physicians, who were blinded to this study, to assess New York Heart Association functional class. Assignment to functional class was by consensus.
Echocardiography
Two-dimensional Doppler echocardiography was performed with standard techniques before, and at 1 week, and 3 months after percutaneous balloon mitral valvuloplasty.
Exercise test protocol
The exercise test was performed on an upright electromagnetically braked bicycle (MedGraphics , USA, Cardiopulmonary Diagnostic Systems) using a ramp protocol (10 W ramp with an increment of 10 W . min 1 in patients; 20 W ramp with an increment of 20 W . min 1 in normal subjects) in the morning after a light standard meal. The exercise test was terminated at the point when the subjects were unable to continue due to dyspnoea or fatigue. Once peak exercise had been reached, all subjects remained on the bicycle during the recovery phase until the respiratory exchange ratio had been <1 for 20 s. Exercise tests were performed before percutaneous balloon mitral valvuloplasty, and at 1 week, 1 month, and 3 months after percutaneous balloon mitral valvuloplasty in the patient groups. Normal control subjects performed the test after general health evaluation at the Asan Medical Center. There were no contraindications to exercise testing, according to ACC/AHA practice guidelines [6] .
Measurements of exercise test
Respiratory gas analysis was carried out with a computerized system (Med Graphics Cardiopulmonary Diagnostic Systems), calibrated with standard gas of known concentration before each test. Blood pressure and 12-lead electrocardiogram were carefully monitored. Oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ), minute ventilation (VE), respiratory rate, respiratory exchange ratio, ventilatory equivalents for oxygen (VE/VO 2 ) and carbon dioxide (VE/VCO 2 ) production, and end-tidal pressures for oxygen and for carbon dioxide were measured by the breath-by-breath method during the exercise and the recovery phases. Peak oxygen consumption (pVO 2 ) was defined as the highest 15-s average oxygen consumption at peak exercise. Maximal predicted oxygen consumption was calculated by an equation described by Wasserman et al. [7] . Anaerobic threshold was determined according to the V-slope method. Recovery kinetics is characterized by measuring the half-recovery time, the time required for a 50% fall in the peak value [1] . Full-recovery time (the time required for respiratory exchange ratio <1·0) and halfrecovery times of minute ventilation and carbon dioxide were also measured.
Exercise training programme
The training group underwent ergometer training with heart rate monitoring 1 week after percutaneous balloon mitral valvuloplasty, training continued for 3 months. In the first week of the conditioning period, ergometer training was maintained at a heart rate of 50% of peak oxygen consumption (pVO 2 ) achieved during maximal exercise. Training was for 20 min a day. After the conditioning period, training sessions were maintained at a heart rate of 70-80% of peak oxygen consumption for 30 min a day. Exercise prescription and monitoring were performed by the physicians at the Asan Sports Medicine Center.
Statistics
Continuous variables were expressed as mean standard deviation. Data were compared using the paired or unpaired Student t-test, and Pearson's correlation coefficients. A P value <0·05 was considered statistically significant.
Results
Baseline characteristics
Baseline clinical characteristics are shown in Table 1 . There were no significant differences between the exercise training and non-training groups with respect to baseline clinical characteristics.
NYHA Functional class
New York Heart Association functional class was more improved in the exercise training group than in exercise non-training group (P<0·01, Fig. 1 ). All patients in the training group reported a marked symptomatic improvement, and none were in functional class III or IV at 3 months follow-up. In the non-training group, however, the New York Heart Association functional class was not improved in six of 15 patients (40%), and five of 15 patients (33%) were still in functional class III at 3 months follow-up (Fig. 1) .
Echocardiography
There were significant improvements in mitral valve area and transmitral pressure gradients immediately after percutaneous balloon mitral valvuloplasty in both groups. These results were maintained at 3 months follow-up (Table 1) . 
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Exercise test
Exercise time
Exercise time was significantly increased in both the training and non-training groups 1 week after percutaneous balloon mitral valvuloplasty, but the increase at 3 months follow-up in the training group was more pronounced than in the non-training group (P<0·05, Table 2 ).
Heart rate and blood pressure Heart rates in both groups at rest and peak exercise were not changed after percutaneous balloon mitral valvuloplasty. Exercise blood pressure responses were significantly improved 1 week after percutaneous balloon mitral valvuloplasty. However, further increments were not observed at 3 months follow-up in either group (Table 2) .
Peak oxygen consumption (pVO 2 ) and half-recovery time (T 1/2 VO 2 )
The peak oxygen consumption was significantly decreased in mitral stenosis as compared to normal subjects (16·5 5·3 vs 38·7 4·6 ml . min 1 . kg 1 , P<0·01), and the half-recovery time was more delayed in mitral stenosis than in normal subjects (120 42 vs 59 5 s, P<0·01). Peak oxygen consumption was significantly increased in both the exercise training and nontraining groups at 1 week, and 1 month after percutaneous balloon mitral valvuloplasty. Further increases in peak oxygen consumption were observed in the training group but not in the non-training group at 3 months follow-up (Fig. 2, Table 2 ). In contrast to the improvement of peak oxygen consumption, the halfrecovery time was not shortened in either group 1 week after percutaneous balloon mitral valvuloplasty. The half-recovery time was persistently prolonged during the study periods in the non-training group. In the training group, however, dramatic shortening of the halfrecovery time was observed at 3 months follow-up (Fig. 2, Table 2 ). In addition, the improvement in New York Heart Association functional class was more closely correlated with the changes in half-recovery time (r=0·82, P<0·01) than those of peak oxygen consumption (r=0·63, P<0·05). The changes in half-recovery times of carbon dioxide production and minute ventilation were similar to those of oxygen consumption (data not shown).
Oxygen consumption (VO 2 ) at rest and at anaerobic threshold
Patients with mitral stenosis had significantly lower resting oxygen consumption values than normal controls (211 26 vs 330 80 ml . min 1 , respectively, P<0·01). Resting oxygen consumption was increased significantly in both the training and non-training groups after percutaneous balloon mitral valvuloplasty. Oxygen consumption at the anaerobic threshold was lower in mitral stenosis than in normal controls (589 179 vs 1274 251 ml . min 1 , P<0·01). It was significantly improved in both groups, but more prominently in the training than in the non-training group after percutaneous balloon mitral valvuloplasty.
Discussion
Exercise capacity and recovery kinetics in mitral stenosis
This study demonstrated that the kinetics of recovery oxygen consumption after exercise are markedly delayed and closely correlated with the symptomatic status in patients with severe mitral stenosis. Exercise intolerance is common in patients with severe mitral stenosis, but has been reported to be improved 3 months after successful percutaneous balloon mitral valvuloplasty [8] . Some patients, however, still complain of exercise intolerance in spite of their marked improvement of central haemodynamics after successful percutaneous balloon mitral valvuloplasty. Clinical dissociation between central haemodynamics and exercise capacity has been reported after successful percutaneous balloon mitral valvuloplasty [9] . Using 31 P nuclear magnetic resonance spectroscopy, we have previously shown that skeletal muscle metabolism is abnormal in patients with severe mitral stenosis, and exercise intolerance is, in part, caused by abnormal skeletal muscle metabolism [10] . However, questions remain about factors affecting exercise capacity after percutaneous balloon mitral valvuloplasty in mitral stenosis. In comparison with 31 P nuclear magnetic resonance study, exercise cardiopulmonary function test has several advantages in the evaluation of exercise kinetics. The measurement of Pi/PCr represents only skeletal muscle metabolism. In addition, it necessitates expensive and complex nuclear magnetic resonance spectroscopy. In contrast to Pi/PCr, the kinetics of recovery oxygen consumption reflects not only skeletal muscle metabolism, but also the respiratory, circulatory, hormonal, ionic, and thermal adjustments that occur in recovery [11] . The kinetics of recovery oxygen consumption has been used as an index of oxidative capacity [12, 13] , and can provide a physiological basis for evaluating exercise performance [11] . Fast recovery after exercise plays an important role in determining exercise capacity. Prolonged recovery can pose a problem in sports such as basketball, soccer, and tennis because a sportsman may not sufficiently recover during a brief rest period [11] . In daily activity, as in sport, the functional capacity may be determined by the peak oxygen consumption we can reach, but more importantly, how fast the subject can recover from one activity and be ready for another. This is an important determinant of quality of life. For this reason, the kinetics of recovery oxygen consumption is essential to understand exercise capacity in various clinical situations.
However, little attention has been paid to the kinetics of recovery oxygen consumption after exercise in patients with mitral stenosis. After maximal anaerobic exercise, recovery oxygen consumption consists of both fast and slow component, a fast component followed by slow one [14] . The fast component was impressively rapid in normal subjects. In patients with mitral stenosis, however, oxygen consumption fell much more slowly (Fig. 2) , and the curves were similar to those of chronic heart failure. The half-recovery time (T 1/2 VO 2 ) represents the fast component and the full recovery time both the fast and the slow components [2] . In this study, the half-recovery time was used as an index of recovery kinetics because it is reproducible and largely unaffected by whether the exercise test was maximal or submaximal in a previous study [1] . The half-recovery time after constant-workload exercise was about 25 to 45 s in healthy subjects, independent of the kinetics of oxygen consumption response during exercise [3, 13, 15, 16] . In our study, the half-recovery time was 59 5 s in normal subjects, and the difference may be due to the exercise protocol, a ramp protocol. The half-recovery time is longer after graded exercise as compared to constantworkload exercise in normal subjects as well as in patients with chronic heart failure.
Effects of exercise training in mitral stenosis
Many studies about the effects of exercise training have been performed in chronic heart failure. In chronic heart failure, exercise intolerance is explained by central haemodynamics, reduced skeletal muscle blood flow, skeletal muscle atrophy, and skeletal muscle metabolic abnormalities. Exercise training enhances skeletal muscle blood flow, increases mitochondrial density and oxidative capacity, and improves exercise performance [17] [18] [19] [20] [21] [22] [23] . The mechanism of limited exercise capacity in mitral stenosis, similar to that of chronic heart failure, is complex. Peripheral as well as central factors may also play an important role in determining exercise capacity in mitral stenosis. After abrupt improvement of central haemodynamics by successful percutaneous balloon mitral valvuloplasty, peak oxygen consumption was improved 1 week after percutaneous balloon mitral valvuloplasty; however, the recovery kinetics was not significantly shortened during the study periods of 3 months. This study revealed that in contrast to early improvement of peak oxygen consumption, the kinetics of recovery oxygen consumption is not changed after abrupt improvement of haemodynamics, and improved only after regular exercise training (Fig. 3) . We think that the delayed kinetics of recovery oxygen consumption in mitral stenosis is mainly due to chronic exercise deconditioning, which may contribute to delayed and incomplete improvement of exercise capacity after successful percutaneous balloon mitral valvuloplasty.
Clinical implications
In this study, the kinetics of recovery oxygen consumption was not significantly improved after successful percutaneous balloon mitral valvuloplasty. The delayed improvement of recovery kinetics was closely related to the incomplete recovery of subjective symptoms after percutaneous balloon mitral valvuloplasty. Exercise training, however, accelerated the improvement of the recovery kinetics and led to more dramatic improvement of subjective symptoms after percutaneous balloon mitral valvuloplasty. In addition, this result may explain why some patients still complain of exercise intolerance in spite of successful percutaneous balloon mitral valvuloplasty, and suggest that exercise training may be helpful for improving symptomatic status and exercise capacity after percutaneous balloon mitral valvuloplasty.
Conclusions
In conclusion, the kinetics of recovery oxygen consumption is markedly delayed in mitral stenosis as compared to normal controls. It is not improved after successful percutaneous balloon mitral valvuloplasty alone, but improved only after combined treatment with exercise training. These results suggest that exercise training may be useful adjunctive therapy for improvement of recovery kinetics and subjective symptoms after percutaneous balloon mitral valvuloplasty.
